Abstract: Different from the traditional irrigation optimization model based only on the water production function, in this study, we explored the water-yield-quality-benefit relationship and established a general irrigation scheduling optimization framework. To establish the framework, (1) an artificial neural network coupled with ensemble empirical mode decomposition (EEMD-ANN) is used to decompose the original price time series into several subseries and then forecast each of them; (2) factor analysis and a technique for order of preference by similarity to ideal solution (FA-TOPSIS), as an integrated evaluation method, is used to comprehensively evaluate the fruit quality parameters; and (3) regression analysis is used to simulate water-yield and water-fruit quality relationships. The model is applied to a case study of greenhouse tomato irrigation schedule optimization. The results indicate that EEMD-ANN can improve the accuracy of price forecasting. Jensen and additive models are selected to simulate the relationships of tomato yield and quality with water deficit at various stages. Besides, the model can balance the contradiction between higher yields and better quality, and optimal irrigation scheduling is obtained under different market conditions. Comparison between the developed model and a traditional modeling approach indicates that the former can improve net benefits, fruit quality, and water use efficiency. This model considers the economic mechanism of market price changing with fruit quality. Forecasting and optimization results can provide reliable and useful advices for local farmers on planting and irrigation.
Introduction
In the traditional insufficient irrigation theory, the water production function is widely adopted in agricultural water management optimization for semi-arid and arid regions to quantitatively describe the relationship between water supply and crop yield. The common forms of water production function are the water production function in the whole growth period (represented by linear and quadratic models), and the dated water production function (represented by multiplicative and additive models) [1, 2] . With a series of experimental studies and theoretical studies [3] [4] [5] on deficit irrigation of wine grapes [6] , tomatoes [7, 8] , melons [9] , apples [10] , etc., it has been found that, in some cases, fruit quality is closely related to water, and suitable deficit irrigation is conducive to improving fruit quality. Better fruit quality means higher market preference. However, the traditional irrigation optimization methods based on the water production function rarely take into account the water-fruit quality response [11] . Therefore, for crops whose quality indicators are sensitive to water deficit, it is necessary to establish a comprehensive model to demonstrate the water-yield-quality relationship and improve the optimization model of agricultural water resources by considering the water-fruit quality response.
Before the water-fruit quality response relationship becomes involved in the optimization of crop irrigation schedule, there are two problems that need to be solved. The first one is to quantify the relationship between fruit quality and water deficit. Chen et al. [12] have established a water-fruit single quality index function relationship [12] . However, the quality of crops is a comprehensive concept, including appearance quality, nutritional quality, storage and transportation quality, etc. [11] . Individual indicators can only reflect one aspect of the fruit quality. Therefore, before establishing the water-fruit quality function relationship, it is necessary to first evaluate different fruit quality indicators and establish a comprehensive fruit-quality index under different deficit irrigation scenarios. The second task is to determine how to address the water-fruit quality relationship in the optimization model: Whether to quantify it in the objective function or as a constraint, and whether it is the sole objective or part of the objective function.
In addition, the price of crops has a direct impact on planting benefits and is important to residents' life [13] . Previously, in water resource optimization models, the crop historical prices are mostly used to link benefits to production [2, 14, 15] . However, the reliability of optimized outputs has been lowered by the imprecise price estimation. If the future crop prices can be predicted more accurately, the model can provide more effective advice on planning crop acreage and irrigation water. Recent studies show that, based on the idea of signal decomposition, the method of decomposing the original time series and then forecasting is well applied in many fields such as runoff forecasting [16, 17] , and the forecast accuracy is typically higher than the non-decomposition method. Yet, the idea is less studied in the field of agricultural product price forecasting.
To solve the above problems, this study (1) first uses the ensemble empirical mode decomposition artificial neural network (EEMD-ANN) method to predict the future price of crops; (2) then, we use an integrated evaluation method to obtain the comprehensive quality score of tomato; (3) then, we use regression analysis to explore the most suitable water-fruit quality, water-yield model; (4) subsequently, the relationship between fruit quality and price is quantitatively described according to the principle of pricing by quality; (5) finally, the crop irrigation scheduling optimization model, based on the water-yield-quality-benefit function, is established under different future market scenarios.
Methodology

EEMD-ANN for Forecasting
The ensemble empirical mode decomposition is an enhancement of empirical mode decomposition (EMD) [18] , which is an intuitive, direct, adaptive data-processing method for non-stationary and non-linear time series [19] . The aim of the EMD is to decompose the original time series into a small and finite number of intrinsic mode functions (IMFs) adaptively. One of the major problems of EMD is mode mixing, which is a signal of a similar scale residing in different IMF components [20] . The mode mixing could not only cause significant aliasing in the time-frequency distribution, but could also make the individual IMF lose its physical meaning [18] . To overcome the scale mixing problem, a new noise-assisted data analysis method, the EEMD [18] , was presented. The EEMD method defines the true IMF components as the mean of an ensemble of trials, each consisting of the signal plus a white noise of finite amplitude [20] . The EEMD is successfully applied in many areas, such as seismic waves, solar cycle, runoff prediction [17] , etc. The original signal can be decomposed into n IMFs and one residue by using the EEMD method:
where c j (t) is the j-th intrinsic mode function, and r(t) is the residue. The specific calculation steps can be found in References [18, 19] . An artificial neural network (ANN) is a mathematical model that attempts to simulate the structure and functionalities of biological neural networks [21, 22] . In the last decade, the research work of ANNs has made great progress. Due to its powerful ability to identify complex non-linear relationships between input and output, it has successfully solved many problems in the fields of pattern recognition, intelligent robots, automatic control, predictive estimation, biology, medicine, etc. Among various types of ANN, the back propagation neural network (BPNN) has been used widely because of its simple and easily implemented architecture [23] . In this paper, BPNN is used to forecast crop-price time series.
In this study, a decomposition-ensemble framework was established to forecast crop price by coupling the ensemble empirical mode decomposition (EEMD) and artificial network (ANN). Among then, EEMD is used to decompose the original time series and ANN is used to forecast each subseries, and then an ensemble forecast is obtained by summing the forecasted outputs of each subseries.
To measure the forecast capacity of the EEMD-ANN models, four main criteria are used for evaluating the forecasting performance [16] : Root mean squared error (RMSE), mean absolute relative error (MARE), correlation coefficient (R), and Nash-Sutcliffe efficient (NSEC). The four evaluation criteria are defined in Equations (2)- (5).
where P 0 (i) and P f (i) are the observed and forecasted price, respectively; P 0 , P f denote their means, and N is the number data points considered.
Intergrated Evaluation Method
Fruit quality is different from yield. It is an integrated concept, which involves appearance quality, nutritional quality, storage quality, processing quality, etc. [1]. Individual quality indicators can only reflect some aspects of fruit quality, and reliable assessment of the quality requires a comprehensive evaluation method [24] . Many studies have adopted a variety of methods to comprehensively evaluate fruit quality. The methods include comprehensive index method, technique for order of preference by similarity to ideal solution (TOPSIS), factor analysis (FA), principal comment analysis (PCA), fuzzy comprehensive evaluation, etc. [24, 25] . These methods are different in principle and each has its own advantages and disadvantages. Different methods may result in different comprehensive index, and it is difficult to determine the reliability of a specific method. The solution adopted by many studies [26, 27] is to combine the results of two or more methods, and to make the results more representative and consistent. In this study, two representative comprehensive evaluation methods were selected: FA and TOPSIS, and the evaluation scores of the two methods were integrated using the average.
Factor Analysis (FA)
The factor analysis method was first proposed in 1904 by Spearman and Pearson [28] . Factor analysis is an extension of principal component analysis. It is a multivariate statistical analysis method that incorporates some variables with intricate relationship into a few comprehensive variables from the study of the dependent relationships within the correlation matrix [29] . Factor analysis can not only get the comprehensive evaluation results of the alternatives, but also find the main factors of the observed data. In recent years, the theory of factor analysis has been successfully applied to psychology, sociology, economics, demography, geology, and even in chemistry and physics [28] . In this study, the factor analysis method will be used to get the comprehensive quality and will be used to analyze the main factors that affect the fruit quality.
Given a set of alternatives A = {A i |i = 1, . . . , m}, a set of criteria C = C j j = 1, . . . , n , and the set of performance ratings X = x ij i = 1, . . . , m; j = 1, . . . , n , the calculation steps are as follows:
(1) Standardization:
where x j and S j denote the mean and standard deviation, respectively; Z ij is the j-th value of the standardized variable. 
where f + k and f − k are the maximum and minimum values of the k-th factor of the K main factors, respectively; w k is the ratio of the k-th variance contribution rate to the cumulative variance contribution rate after rotation; Q * 1i is the comprehensive evaluation index of the i-th alternatives by FA and Q * 1i ∈ [0, 1], ∀i.
TOPSIS
TOPSIS was proposed by Huang and Yoon (1981) as a multi-objective decision analysis method [31] . The basic primary is to choose a combined solution with the farthest Euclidean distance with the ideal negative solution and the shortest Euclidean distance with the ideal solution [32] . Given a set of weights ω = ω j j = 1, . . . , n , the procedures of TOPSIS can be described as follows:
(1) Standardization.
(2) Obtain positive ideal solution (PIS) and negative ideal solution (NIS).
where J 1 is benefit criteria (larger is better) and J 2 is cost criteria (smaller is better). (3) Calculate the separation. The third step is to calculate the separation from the PIS and the NIS between alternatives. The separation values can be measured using the Euclidean distance, which is given as:
where w j is the weight coefficient.
(4) Similarities to the PIS
where Q * 2i is comprehensive index by TOPSIS and Q * 2i ∈ [0, 1], ∀i.
FA-TOPSIS
Using the weighted average combination method, the result of the combination evaluation based on FA and TOPSIS is:
where Q i is the combination evaluation; Q * 1i , Q * 2i are the comprehensive evaluation index calculated with FA and TOPSIS methods; ω * , 1 − ω * are the weight coefficients of Q * 1i , Q * 2i . Q i ∈ [0, 1], ∀i. The crop water production function (water-yield model) is a mathematical model describing the relationship between water supply and yield during crop growth. Under the condition of limited water resources, it is an important basis for optimizing crop irrigation system. The water production functions can be divided into two categories. The first is the water production function during the whole growth period, which describes the quantitative relationship between crop yield and water consumption during the whole growing season. The second category is the dated water production function that describes the relationship between crop yield and water consumption at each stage of the crop. Compared with the first category, the dated water production function can reflect the degree of impact of water deficit on crop yield at different growth stages of crops and can more rationally formulate crop inadequate irrigation system and help improve the efficiency of irrigation water use. Therefore, in this study, four commonly used dated water production function models, including the Jensen model [33] , Stewart model [34] , Blank model [35] , and Rao model [36] , were used to simulate the relationship of crops yield with evapotranspiration (ET) deficit during various growing stages. Then, the optimal model was selected as the final model to simulate the relationship between water and yield.
The models are given in Equations (17)- (20):
(1) Jensen model:
(2) Stewart model: 
Water-Fruit Quality Model
Since there is no well-established water-fruit quality model yet, Chen et al. proposed an empirical statistical model to simulate the relationship between water and fruit quality at the growth stage [12] . In this study, using the water-yield models for reference, a multiplicative model, an additive model, and an exponential model were developed to simulate the effects of water deficit at various growth stages on fruit quality parameters [12] . These models inherit the characteristics of the water-yield model and can also reflect the different sensitivity of fruit quality indicators to water deficits at different growth stages through the quality water deficit sensitivity index. The water-fruit quality models' expression are as follows:
(1) The multiplicative model adapted from the model by Jensen is given as
(2) The additive model adapted from the model by Stewart et al. is given as
(3) The exponential model is given as
where Q a is the comprehensive quality of deficit irrigation treatments; Q m represents the comprehensive quality from full irrigation treatment; λq i , Bq i , and ψq i are the water deficit sensitivity index of fruit quality at the i-th growth stage of the multiplicative model, additive model, and exponential model, respectively.
Pricing by Quality
The overall benefit of crops is determined by the yield and price, and the price depends on the quality, in addition to the market supply and demand. Pricing by quality is referred to as the process of determining the price of other quality goods in the same commodity based on the price of standard quality goods. If we differentiate pricing by quality, then high quality leads to good price and low quality leads to low price [37] . Pricing by quality has become an inevitable requirement for the development of the commodity economy, and it is also a basic principle that commodity pricing should follow [38] . The pricing by quality principle is applied to product pricing in many areas, such as clean energy power, dairy, sugar, etc. In this study, we assume that the quality difference of the commodity is proportional to the price difference. That is, the quality difference will inevitably be reflected in the price [38] . Thus, the commodity price can be calculated as follow [37] :
where P is the commodity price with a quality score of Q; P 0 is the reference product quality price, and its quality score is Q 0 ; Q 0 and Q max are the quality scores of the reference product and the best quality product (must be in the same category); ∆d is the price range between the best quality and the reference commodity, which is generally determined by the characteristics of the commodity itself and the market demand conditions. The framework of this study is shown in Figure 1 . 
where P is the commodity price with a quality score of
0 P is the reference product quality price, and its quality score is 
Case Study
Tomato is the second largest vegetable crop in the world, and China is the country with the largest tomato planting area and the largest total production in the world [24] . With the development of economy and society and the improvement of living standards, consumers' demand for quantity in tomato is saturated, while the demand for quality is increasing. Many studies have shown that deficit irrigation can improve the quality of tomato [39, 40] , but it is accompanied by a decrease in Figure 1 . The framework of this study.
Tomato is the second largest vegetable crop in the world, and China is the country with the largest tomato planting area and the largest total production in the world [24] . With the development of economy and society and the improvement of living standards, consumers' demand for quantity in tomato is saturated, while the demand for quality is increasing. Many studies have shown that deficit irrigation can improve the quality of tomato [39, 40] , but it is accompanied by a decrease in tomato yield and fruit size [41, 42] . How to balance the contradictory relationship between tomato yield and fruit quality to maximize planting efficiency is a realistic problem that needs to be solved. Therefore, based on the previous experimental research, this paper established a tomato irrigation system optimization model that considered the water-yield-quality-benefit response relationship.
Data Collection
Field Experimental Data Collection
The observation data from four consecutive years of deficit irrigation experiments, including evapotranspiration, yield, and quality were collected from Chen et al. [8, 12] . The four-year experiments aimed to determine the effects of deficit irrigation on the yield and quality of fresh-consumption greenhouse tomato. Experiments were conducted in the solar greenhouse at the Wuwei Experimental Station of Crop Water Use, Ministry of Agriculture, P.R. China which is located in Wuwei, Gansu province of northwest China (latitude 37 [12] . The ET a and yield for different irrigation treatments are shown in Table 1 . Consider seven individual indicators of tomato quality, namely: Total soluble solids content (TSS), reducing sugar (RS), organic acids content (OA), sugar/acid content ratio (SAR), vitamin C (VC), fruit firmness (Fn), and color index (CI). Among them, CI characterizes the appearance quality; TSS, RS, OA, and SAR characterize the taste quality; VC characterizes the nutritional quality; and Fn characterizes the storage quality of tomato. The specific quality parameters are shown in Table 2 . Table 2 . Tomato quality parameters for different irrigation treatments in four growing seasons [12] (TSS, total soluble solids; RS, reducing sugars; OA, organic acids; SAR, sugar/acid content ratio; VC, vitamin C; Fn, fruit firmness; CI, color index). The monthly price of tomato from 2009 to 2018 is obtained from the government website http://cif.mofcom.gov.cn/cif/html/dataCenter/index.html?jgnfcprd. The water-price data are collected from local policy surveys and the soil moisture content is collected from Chen [24] , which are shown in Table 3 . 
Cropping
Irrigation Water Optimization Model
The optimization model of tomato irrigation schedule is established, aiming at the maximum net benefit of greenhouse tomato. The model optimizes the water consumption for each growth stage based on (1) the EEMD-ANN method for price forecasting, (2) the water-yield model at various growth stages, (3) the water-quality-price response relationship, and (4) the water balance principle. The water-yield-quality-benefit optimization model (WYQ) is shown as:
where f is the net benefits of growing greenhouse tomato (Yuan/ha); i is the growth stage of tomato, I = 1,2,3; n is the number of tomato growth stages, n = 3; Y is the tomato yield per unit area (kg/ha), expressed by the water production function: Y(ET ai ); P is the actual price of tomato (Yuan/kg); Q(ET ai ) is the water-fruit quality model; C is the production cost per unit area of tomato (Yuan/ha); ET ai is the evapotranspiration at the i-th growth stage of tomato (mm); c 0 is the fixed cost of solar greenhouse tomato cultivation, including greenhouse film, fertilizer, seedlings, mulch, machinery, and other costs (Yuan/ha); k 1 is the basic water price (Yuan/ha); k 2 is the metered water price (Yuan/m 3 ); and W i is the amount of irrigation at the i-th growth stage (mm).
In this study, we selected the tomato under full irrigation treatment as a reference product; P 0 is the basic price of greenhouse tomato, which is forecasted by EEMD-ANN method, i.e., P 0 = P f ; Q m is the relative quality scores under full irrigation treatment; Q max is the largest relative quality scores; and ∆d is the price range between the best quality and the tomato quality under full irrigation.
Constraints
(1) Soil moisture content constraint
where θ i is the soil moisture content at the i-th growth stage (cm 3 /cm 3 ); θ w is the lower limit of volumetric water content, taken as the coefficient of wilting (cm 3 /cm 3 ); and θ FC is the soil water holding capacity (cm 3 /cm 3 ). The amount of water that the planned wet layer of the soil can use for crops is
where S i is the effective water quantity available for the wet layer at the i-th growth stage (mm) and H i is the planned wet layer depth at the i-th growth stage. Also, by the field soil water balance formula
where K i is the deep leakage of the i-th stage (mm); P i is the effective rainfall of the i-th stage (mm); and CK is the amount of groundwater recharge (mm). There are some case-specific assumptions for greenhouse tomatoes: The effective rainfall P i is equal to 0 in the solar greenhouse and the deep leakage K i , and groundwater recharge CK are equal to 0. Equation (28) can be converted to
According to Equations (27) and (29), Equation (26) can be transformed to
where θ 0 is the initial average soil volumetric moisture content of the planned wet layer.
(2) Crop water requirement constraint
In this study, the relative water deficit (1 − ET ai /ET mi ) during deficit irrigation experiments was controlled within 0.5, so the applicable range of the water-yield and water-fruit quality are 0.5 ≤ ET ai /ET mi ≤ 1. After this range is exceeded, the models are not suitable.
Results and Discussion
The Results of Basic Price Forecasting by EEMD-ANN
For the EEMD model, the amplitude of white noise ε is set to 0.2 times the standard deviation of the sample data as suggested by Wu and Huang [18] , and the realization number is set to 100. The original tomato price series from 2009 to 2018 are decomposed into a finite number of subseries. The decomposition results are shown in Figure 2 . The original price series were decomposed into five independent IMF components and one residue component, respectively. The IMFs represent changing amplitudes, frequencies, and wavelengths. IMF 1 had the highest frequency, maximum amplitude, and shortest wavelength. IMFs 2-5 decreased in the amplitude and frequency and increased in wavelength. The residue slowly varied around the long-term average. The tomato price showed a growing trend in the past decade. IMF 2 showed a significant seasonal periodicity with maximum values in December-February and minimum in June-July. When forecasting the price of tomato on a monthly basis, it is necessary to consider not only its long-term price trend, but also its cyclical changes. Decomposition with EEMD can well separate its long-term trend from periodicity and avoid the problem of mode mixing.
ANN was then used to forecast each subseries. In this study, the Levenberg-Marquardt methodology, which is more powerful than conventional gradient decent techniques [44] , was used to adjust the weights and threshold values of neural network. The autoregressive order was 3. This case study was based on monthly price data for 2009-2018, and forecasts for 2019 were generated. First, BPNN was used to forecast each IMF and residue which were decomposed by EEMD. Figure 3 shows the forecasting results of each IMF and the residue. Then, the forecasting results of the IMFs and the residual from ANN were summed to obtain the forecasting price for 2009 to 2019. In addition, the ANN model was used to forecast the original price data without decomposition for comparison. Figure 4 shows the final forecasting results using the EEMD-ANN and ANN models. Finally, four evaluation criteria, including RMSE, MARE, R, and NSEC, were calculated. ANN was then used to forecast each subseries. In this study, the Levenberg-Marquardt methodology, which is more powerful than conventional gradient decent techniques [44] , was used to adjust the weights and threshold values of neural network. The autoregressive order was 3. This case study was based on monthly price data for 2009-2018, and forecasts for 2019 were generated. First, BPNN was used to forecast each IMF and residue which were decomposed by EEMD. Figure 1 shows the forecasting results of each IMF and the residue. Then, the forecasting results of the IMFs and the residual from ANN were summed to obtain the forecasting price for 2009 to 2019. In addition, the ANN model was used to forecast the original price data without decomposition for comparison. Figure 2 shows the final forecasting results using the EEMD-ANN and ANN models. Finally, four evaluation criteria, including RMSE, MARE, R, and NSEC, were calculated. Table 4 presents the performance evaluation results of EEMD-ANN and ANN. The closer the RMSE and MARE values are to 0, and the R and NSEC values are to 1, the better the performance of the forecast model would be. As shown in Table 5 , the RMSE and MARE values of EEMD-ANN model were smaller than ANN, and the R and NSEC values were larger. Obviously, forecasting based on time-series decomposition is better than direct prediction without decomposing. Therefore, we can conclude that EEMD-ANN is a more useful method to forecast the tomato basic price. 
The Solutions of FA-TOPSIS
Before performing factor analysis, a correlation analysis of the original variables was required. The F-value of the Bartlett spherical test was equal to 0.000, indicating that the data are from the population of a normal distribution. The Kaiser-Meyer-Olkin test value was 0.805, so it is suitable for factor analysis. Factor analysis of the tomato quality data in Table 5 was performed using SPSS statistical software 21.0 (IBM, New York, NY, USA). In this paper, the principal component method was used to extract three common factors. The factor load matrix, contribution rate, and cumulative contribution rate after the varimax rotation are shown in Table 5 . The factor score and comprehensive index are shown in Table 6 . The cumulative contribution rate of the first three common factors reached 95.301%. After extracting three factors, they reflect most of the information of the original variables. Factors 1 and 2, which explained 67.878% of the total variance Table 5 ), have strong positive loadings on TSS, RS, OA, and SAR. TSS, RS, OA, and SAR were the test indicators. Factor 3 explained 27.423% of the total variance, which had positive loadings on VC, Fn, CI.
In the TOPSIS method, the weights of quality indicators TSS, RS, OA, SAR, VC, Fn, and CI were 0.130, 0.130, 0.090, 0.190, 0.180, 0.120, and 0.160, respectively [24] . The comprehensive quality value of the greenhouse tomato under the TOPSIS method was calculated from Equations (10)- (15), and the results are shown in Table 6 .
The weighted-average method based on Equation (16) was used to calculate the integrated evaluation score, in which the weights of the FA and TOPSIS methods were the same (i.e., ω * = 1 − ω * = 0.5). The final results of the integrated evaluation are also shown in Table 6 . From Table 6 , we can see that, for the same growing season, the resulted rankings from FA, TOPSIS, and the combined approach were the same under different irrigation treatments.
Non-Linear Regression Results
The model parameters for each water-yield or water-fruit quality model were estimated using field observed data from 2008-2009, 2009-2010, and 2011 [12] . The model parameters were estimated using the least squares method. Subsequently, the calibrated model was validated using the 2012-2013 data.
Water-Yield Relationships
The actual crop evapotranspiration (ET a ) for various growth stages in four growing seasons is given in Table 1. Table 7 presents the tomato-yield water-deficit sensitivity indexes (λ i /B i /A i /γ i ) at various growth stages for the four water-yield models including the Jensen, Stewart, Blank, and Rao models. The values of the coefficient of determination (R 2 ) during simulation and verification are also presented in the table. From Table 7 , we can see that for the four models, the R 2 values were all greater than 0.7, showing a good model performance. The Jenson, Stewart, Blank, and Rao water-yield models had positive water-deficit sensitivities at all stages of growth, with Stage III being the largest, Stage II being the second, and Stage I being the smallest. That is, tomato yield was most sensitive during fruit ripening-stage water deficit, followed by flowering and fruiting, and it was the least sensitive during the vegetative stage. All four water-yield quality models had positive sensitive indexes, indicating that the fruit yield increased with the increase of ET ai /ET mi . Among the four models, Jensen model had the highest comprehensive R 2 value. Therefore, the Jensen model was selected to simulate the relationship between water consumption and yield of greenhouse tomatoes. The water-yield model is as follows:
Water-Fruit Quality Relationships
The water-comprehensive quality model was fitted based on the evapotranspiration (Table 2 ) and the integrated evaluation of comprehensive evaluation value (Table 6 ) of irrigation treatments. Table 8 shows the tomato comprehensive quality water deficit sensitivity indexes (λq i /Bq i /ψq i ) at various growth stages for three water-fruit quality models, including the multiplicative, additive, and exponential models, and the R 2 during simulation and verification. Among three models, the additive model had the highest R 2 value and performed better than the other models. Therefore, the additive model was chosen to simulate the relationship between water consumption and comprehensive quality of greenhouse tomatoes. The water-fruit quality model (additive model) is as follows:
From the experiments results and Equation (33), we can find that tomato quality was most sensitive to Stage III, followed by Stage I and Stage II. Furthermore, the fruit quality of greenhouse tomato increased with the decrease of ET ai /ET mi , which is opposite to the yield. When fully irrigated, the overall quality of the tomato was lowest. The reduction of tomato yield under deficit irrigation was accompanied by the improvement of fruit quality, indicating the contradictory relationship between yield and fruit quality.
Optimal Results and Discussion
Optimization MODEL
The solution of the water-yield model and the water-fruit quality model were brought into the optimization model WYQ. The reduced expression is as follows:
Regardless of the water-quality-price response, the water-yield-benefit optimization (WY) model was established at the same time for comparison with the WYQ model. The WY model is shown as follows:
Lingo was used to solve the WYQ model and the WY model. In order to further investigate the relationship between different socioeconomic conditions and optimal irrigation schemes, six scenarios were examined under three basic forecasted prices (maximum, minimum, and mean) and two price ranges between best and worst quality of tomato (∆d). Figure 5 represents the optimal actual crop evapotranspiration and net benefits under different socioeconomic conditions (different P 0 and different ∆d) of the WYQ model. Among them, P 0 = 6.03, 5.39, and 4.62 represent the highest, average, and lowest monthly average price of tomato in 2019, respectively, which were forecasted by EEMD-ANN method; ∆d = 0.5 and 1.0 were set to indicate that the same quality difference would result in the different price differences, which is caused by market demand conditions. indicates that the market price difference caused by the same quality change of tomato is larger. There was a negative correlation between the water requirement of tomato and the comprehensive quality index. Therefore, when the price of the tomato market is more affected by the quality, the WYQ model tends to reduce the water distribution to obtain better quality and thus obtain higher returns. Less water brings higher benefits, which suggests that it is necessary to consider the water-quality-benefit relationship at this time. This also provides irrigation advice to farmers: Full irrigation does not bring the highest benefits when the market price is more sensitive to tomato quality. Local farmers should appropriately reduce the amount of irrigation especially in Stage I, in order to improve the quality of tomatoes and thus obtain higher economic benefits at this time. The WY model was established and solved for comparison. . From Table 9 , we can see that the net benefits per unit area is lower and the optimal irrigation water in the whole season is higher in the WY model than the WYQ model. Therefore, the water-use efficiency (benefits/irrigation water) of the WYQ model is greater than the WY model. For example, the wateruse efficiency of the WYQ model is increased by 15.4% and 18.2% compared with the WY model under the scenario of 1.0 d = . As d  increases, the differences in net benefits and water-use efficiency between the two models increase. When d  is larger, the price of better-quality tomatoes is significantly higher. At this time, if the greenhouse tomato is fully irrigated using the results of the WY model, the quality of the harvested tomato is poor. This is obviously not a good decision, not only because of the more water consumed, but also because the lower quality makes the sale price lower and the net income does not increase. In fact, the WY model is included in the WYQ model. When 0 d =, the WYQ model is equivalent to the WY model. Therefore, the WYQ model that considers the economic mechanism of market price changes with fruit quality is more useful and is able to better reflect the reality.
Optimal Solution of WYQ
The WYQ model established in this study can provide more scientific and effective decisionmaking support to the cultivation and irrigation of greenhouse tomatoes. On one hand, by forecasting the monthly price of greenhouse tomatoes, the model can help farmers analyze the future market and According to the results described in Section 4.3, as the amount of water increased, the greenhouse tomato yield would increase and the fruit quality would decrease. The WYQ model can energize the contradiction between tomato yield and quality and provide the optimal ET i under different market conditions. It can be seen from Figure 5 that among the six scenarios, the water requirement in the whole growth period increased with the increase of P 0 , and decreased with the increase of ∆d. Specifically, the WYQ model tended to preferentially meet the crop water requirement of the second and third growth stages of tomato, namely ET a2 = ET m2 = 98.2 mm, ET a3 = ET m3 = 146.6 mm. In contrast, ET a1 , i.e., water requirement of crops in the first growth stage of tomato, was strongly affected by P 0 and ∆d. For the same ∆d, as the price of tomato increased, ET a1 increased. Taking ∆d = 0.5 Yuan/kg as an example, when P 0 changed from 4.62, 5.39, to 6.03 Yuan/kg, ET a1 increased to 44.6, 51.5, and 57.2 mm, respectively. For the same P 0 , with the increase of ∆d, ET a1 decreased. When ∆d changed from 0.5 to 1 Yuan/kg, ET a1 was reduced from 57.2 to 30.2 mm, from 51.5 to 29.2 mm, and from 44.6 to 29.2 mm, when P 0 was equal to 6.03, 5.39, and 4.62 Yuan/kg, respectively. This suggests that Stage II (flowering and fruit development stage) and Stage III (fruit ripening stage) are more important than Stage I (vegetative stage) in irrigation management, thus the water requirements at these two stages should be prioritized.
For the optimal irrigation targets, Figure 5 shows that the increasing basic price of greenhouse tomato (P 0 ) had a positive effect on net benefits. Taking ∆d = 0.5 Yuan/kg as an example, when P 0 changed from 4.62, 5.39, to 6.03 Yuan/kg, the net benefits increased to 41.8, 49.2, and 55.4 × 10 4 Yuan/ha, respectively. At this point, the difference between the highest and lowest net benefits were 13.56 × 10 4 Yuan/ha, accounting for 25% of the highest. Obviously, the basic price has a direct and important impact on farmers' income from planting tomato. Therefore, the use of more accurate price forecasting methods, such as EEMD-ANN, can provide effective advice for farmers to arrange greenhouse-tomato planting scale and planting date, thereby increasing farmers' economic income.
Similarly, the net benefits increased when ∆d increased and P 0 was fixed. When ∆d = 1.0 compared with ∆d = 0.5, the net benefits per plant area increased by 1.8%, 2.5%, and 3.4% at P 0 = 6.03, 5.39, and 4.62 Yuan/kg, respectively. The results indicate that increasing the value of ∆d means that the market price is more sensitive to tomato quality, which will result in more economic benefits.
From the above results, an interesting phenomenon can be obtained: When the market price is more sensitive to fruit quality, the WYQ model tends to reduce the crop water demand while the benefit increases. Taking P 0 = 5.39 as an example, when ∆d increased from 0.5 to 1.0, ET a1 changed from 51.5 to 29.2 mm while the benefit changed from 49.17 to 50.39 × 10 4 Yuan/ha. This is because ∆d characterizes the price difference due to changes in tomato quality. When ∆d is larger, it indicates that the market price difference caused by the same quality change of tomato is larger. There was a negative correlation between the water requirement of tomato and the comprehensive quality index. Therefore, when the price of the tomato market is more affected by the quality, the WYQ model tends to reduce the water distribution to obtain better quality and thus obtain higher returns. Less water brings higher benefits, which suggests that it is necessary to consider the water-quality-benefit relationship at this time. This also provides irrigation advice to farmers: Full irrigation does not bring the highest benefits when the market price is more sensitive to tomato quality. Local farmers should appropriately reduce the amount of irrigation especially in Stage I, in order to improve the quality of tomatoes and thus obtain higher economic benefits at this time.
Discussion
The WY model was established and solved for comparison. Table 9 presents the obtained results from the WY and WYQ (∆d = 0.5 and ∆d = 1.0) models with the highest, lowest, and average price. The WY model does not address the water-fruit quality relationship. Since the effect of water quantity on yield is positively correlated, the optimal crop water requirement for each growth stage is fully irrigated, i.e., ET a1 = ET m1 = 58.3 mm, ET a2 = ET m2 = 98.2 mm, ET a3 = ET m3 = 146.6 mm. From Table 9 , we can see that the net benefits per unit area is lower and the optimal irrigation water in the whole season is higher in the WY model than the WYQ model. Therefore, the water-use efficiency (benefits/irrigation water) of the WYQ model is greater than the WY model. For example, the water-use efficiency of the WYQ model is increased by 15.4% and 18.2% compared with the WY model under the scenario of ∆d = 1.0. As ∆d increases, the differences in net benefits and water-use efficiency between the two models increase. When ∆d is larger, the price of better-quality tomatoes is significantly higher. At this time, if the greenhouse tomato is fully irrigated using the results of the WY model, the quality of the harvested tomato is poor. This is obviously not a good decision, not only because of the more water consumed, but also because the lower quality makes the sale price lower and the net income does not increase. In fact, the WY model is included in the WYQ model. When ∆d = 0, the WYQ model is equivalent to the WY model. Therefore, the WYQ model that considers the economic mechanism of market price changes with fruit quality is more useful and is able to better reflect the reality. Table 9 . Comparison of optimal results from the water-yield-benefit optimization (WY) and WYQ (∆d = 0.5 and ∆d = 1.0) models. The WYQ model established in this study can provide more scientific and effective decision-making support to the cultivation and irrigation of greenhouse tomatoes. On one hand, by forecasting the monthly price of greenhouse tomatoes, the model can help farmers analyze the future market and provide decision-making reference to arrange greenhouse-tomato planting time and planting scale. On the other hand, the WYQ model balances the contradiction between higher yields and better quality by controlling irrigation. When the market demand for tomato quality is higher (larger ∆d, such as scenario ∆d = 1.0), the amount of water in Stage I is reduced to obtain higher quality. Therefore, the WYQ model can provide farmers with the best irrigation advice under different market conditions to obtain the highest economic benefits.
Models
Conclusions
An optimal irrigation scheduling model was established considering the water-yield-quality-benefit relationship and is applied to the irrigation management of solar greenhouse tomatoes. In this model, EEMD-ANN, FA-TOPSIS, and regression analysis were incorporated into a general optimization model. Among them, the EEMD-ANN method is used to decompose the original tomato price time series into six subseries for price forecasting. FA-TOPSIS, as an integrated evaluation method, is used to comprehensively evaluate seven quality parameters of tomato; regression analysis is used to simulate water-yield and water-fruit quality relationships of tomato; six scenarios with different market conditions were considered in the case study. The following conclusions can be drawn from this study:
(1) For the monthly forecast of tomato price, the EEMD-ANN model can significantly improve forecast accuracy compared with ANN method. (2) In the WYQ model, it can be found that Stages II and III of tomato are more important than Stage I, and meeting their water requirement should be a priority. (3) Considering the economic mechanism of market price changes with fruit quality, the irrigation scheduling optimization model can achieve the purposes of saving water resources, improving net benefit, increasing quality, and improving water-use efficiency.
The model presented in this paper can be used to optimize irrigation scheduling for other economic crops. In the actual situation, the harvest phase of greenhouse tomatoes generally lasts for a period of time. In this study, this was not taken into account by field experiment and data limitations. In addition, there are many uncertainties in the optimization of crop irrigations, including the farmer response to the market price and government regulation. In future research, the above issues need to be considered in improved models.
